We demonstrate carrier-phase optical two-way time-frequency transfer (carrier-phase OTWTFT) through the two-way exchange of frequency comb pulses. Carrier-phase OTWTFT achieves frequency comparisons with a residual instability of 1.2×10
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comparison with a residual instability (modified Allan deviation) of 1.2×10 -17 at 1 second: [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] times lower than achieved with the pulse timing alone. This instability drops to 6×10 -20 at 850 s.
We show the short-term residual instability is near the limit given by atmospheric-turbulencedriven reciprocity breakdown. Most importantly, it is well below the absolute instability of even the best optical clocks and oscillators.
Carrier-phase OTWTFT essentially tracks the evolution of the relative optical phase between the two distant optical oscillators. Specifically, here we track the ~300 million-radian residual phase evolution between our two 1535-nm cavity-stabilized lasers without ambiguity to within a 0.2-rad standard deviation at 400-s time resolution. The corresponding time deviation reaches 7 attoseconds (9 mrad) at 1-s averaging time. The relative phase noise power spectral density drops below 10 -4 rad 2 /Hz (~ 60 as 2 /Hz) at 1 Hz offset, or >25 dB below that achievable with pulse timing alone. In this sense, we establish tight mutual optical phase coherence between sites that could be exploited in future applications requiring spatially distributed phase coherence. In particular, several groups have compared optical atomic clocks to ultra-high precision by cancelling out common-mode optical phase noise of the clocks' local oscillators. Takamoto et al. demonstrated synchronous sampling of two distant atomic ensembles, avoiding the Dick effect [43] , while Chou et al. and others demonstrated correlated spectroscopy to extend the Ramsey interrogation times beyond the local oscillator coherence time [44] [45] [46] . Carrier-phase OTWTFT could enable such distant optically coherent measurements even with portable (but noiser) cavity-stabilized lasers [47] [48] [49] [50] and even over turbulent links.
To successfully track the optical phase, the interval between phase measurements must be shorter than the mutual phase coherence time between the distant optical oscillators. (For the same   4 reason an optical clock's Ramsey interrogation time is limited by the local oscillator coherence time.) Otherwise, the resulting   phase ambiguities lead to complete loss of frequency/phase information. This presents two problems for carrier-phase OTWTFT over a turbulent atmosphere.
First, atmospheric turbulence scrambles the received light's optical phase, degrading the mutual optical coherence time. This problem is circumvented by exploiting the time-of-flight reciprocity.
Second, atmospheric turbulence causes fades (signal loss) at random times, with random durations and random separations, so the measurement interval often exceeds the mutual coherence time (of 50 ms here). This problem is circumvented by combining the timing information from both the pulse's carrier-phase and envelope to extend the coherence across the fades.
We use a folded 4-km link ( Fig. 1 The cross-correlation envelope peaks at times
with phase,
As expected for a two-way measurement, the time-of-flight enters with an opposite sign at the two sites in (3) and (4) In carrier-phase OTWTFT, we exploit the cross-correlation phase for higher precision by solving (4) to We have demonstrated phase comparisons between optical oscillators or clocks using the carrier phase of frequency comb pulses over turbulent free-space paths. Carrier-phase OTWTFT reaches For both, we set the value at t=0 to zero; consequently, we use "timing" on the right axis, emphasizing that the overall time offset between sites is unknown. The dominant quadratic behaviour arises from the ~4 Hz/s frequency drift between the optical oscillators. T that is reciprocal will cancel. Any non-reciprocal path through dispersive media (fiber in the transceivers for example)
will, however, change these group and phase delays differently and thus there exists a potential offset. To deal with this offset, the phase tracking algorithm applies an offset when re-acquiring  by use of the scaled  from the pulse envelope timing, thereby absorbing any additional fixed or slowly-varying offset, even from non-reciprocal propagation. We will thus assume TT  , we recognize Eqs. (7) and (10) 
